This study describes the impact of embedding dynamic computer visualization (DCV) in an online instrument that was designed to assess students' understanding of osmosis. The randomized posttest-only control group research was designed to compare the effect and the perceived helpfulness of the integration of DCV before and after the administration of an osmosis instrument. College students from three large classes (N = 640) were randomly assigned to participate in the research through an online system. Rasch-PCM was applied to determine the psychometric properties of the instrument and differentiate the student's understanding of osmosis. Welch two-sample t test was applied to examine whether there was significant discrepancy between groups. Multiple regressions analysis was conducted to evaluate the association between predictors and the student's understanding level, alluding to the performance on the online instrument. We found (a) the psychometric properties of the instrument with DCVs were reliable with good construct validity, (b) students who viewed DCV before they took the assessment performed better than those without, especially on solvation-related items, (c) students' time spent on the DCVs significantly contributed to their performance, (d) the current data analytics enabled us to study respondents' DCV navigation behavior, and (e) we summarized how participants perceived DCVs that are in the assessment. Educational implications and significance of this study is also discussed.
Introduction
A growing number of reforms and studies stress on the practice of deepening learners' understanding of dynamic interaction in natural phenomena (Chiu and Linn 2014; NGSS Lead States 2013; Smetana and Bell 2012; Wu et al. 2010 ). Demand to integrate advanced educational technologies to model or represent natural science systems in action, thus, is also increasing in this decade (Cook 2006; Marbach-Ad et al. 2008; Quellmalz et al. 2012; Xie and Tinker 2006) . Incorporating dynamic computer visualization (DCV) in instruction on students' science learning has been documented in abundant studies (e.g., Brunye et al. 2004; Chiu and Linn 2014; Jensen et al. 1996; Ryoo and Linn 2012; Sanger et al. 2001; Smetana and Bell 2012) .
With the development of technology-enhanced activities and curricula, conventional ways of assessing students' knowledge gradually become inadequate to precisely determine their understanding about the dynamic interactions of science systems (MarbachAd et al. 2008; Quellmalz et al. 2012; Wu et al. 2010) . Unlike DCV (e.g., Molecular Workbench, Xie and Pallant 2011; PhET, Wieman et al. 2008 ), text or static visualizations used in a traditional assessment instrument are less likely to elicit higher-level molecular reasoning for the dynamic nature of phenomena (Jensen et al. 1996; Marbach-Ad et al. 2008; McElhaney et al. 2015; Levy 2013; Pedrosa and Dias 2000; Smetana and Bell 2012) .
To address the potential assessment gap, emerging technologies have enabled the integration and administration of a measurement instrument that captures complex learning processes (Linn and Eylon 2011; Quellmalz and Pellegrino 2009) . The advancement of technology also has the affordance of documenting users' behavior in using the designated means (e.g., animation, inquiry learning tools, simulation) when progressing along with the online assessment (Ryoo and Linn 2012; Ryoo and Bedell 2017) . Nevertheless, very little research has examined the measure and impact of incorporating DCV in assessing students' performance on the same instrument (e.g., pilot study in Wu et al. 2010 ) and how exactly students utilize DCV during assessment.
Rationale of using dynamic computer visualization for osmosis
The concept of osmosis is listed as one of the most important and difficult concepts for undergraduate science learning Odom and Barrow 1995, 2007; Sanger et al. 2001) . Osmosis is the net movement of water through a selectively permeable membrane from a region of lower solute concentration to a region of higher solute concentration. It is a phenomenon that associates with molecular level interactions that oftentimes could be observed macroscopically (e.g., U-tube example in Fig. 5 ). Osmosis is also critical to various biological processes that are essential to plant water intake, maintaining cell shapes, water balance and transport in all types of living creatures, and sustaining a nurturing ecosystem. It is related to many physical and chemical concepts, such as pressure, solutions, and the particulate nature of matter (Friedler et al. 1987; Jensen et al. 1996; Sanger et al. 2001) .
Osmosis is a poorly understood science concept, despite being an important one (Shen et al. 2014; Fisher et al. 2011; Odom 1995; Odom and Barrow 1995, 2007) . Osmosis is oftentimes perceived by students to be only driven by life forces or an input of energy (Odom 1995) , which pertains to the misunderstanding that the whole process is purpose-driven (e.g., plant cells undergo osmosis in order to prevent from withering or human drinks water to quench thirst). In fact, the wither-prevention and thirst sensation is not directed by osmosis but rather the mechanism living creatures developed in order to consume/uptake water so osmosis can take place. However, studies have regularly suggested that students have retained such misconceptions concerning the mechanisms and processes of osmosis at all levels (Jensen et al. 1996; Kramer and Myers 2012; Odom 1995; Odom and Barrow 1995, 2007; Sanger et al. 2001) . Moreover, students think that the solvent (i.e., most common one is water) stops moving once the solution reaches equilibrium and the solute "absorbs" water from areas with low concentration (Jensen et al. 1996) , just like a sponge.
Studies suggested that even with the assistance of dynamic visualization, learners may still experience a difficult time comprehending the dynamic and interactive structures of biological systems (Buckley and Quellmalz 2013; Hmelo-Silver and Pfeffer 2004; Rundgren and Tibell 2010; Tasker and Dalton 2006) . The learning obstacle could be partly attributed to the lack of explicit demonstration concerning how osmosis is applicable among different systems when dynamic visualizations are introduced and used (Buckley and Quellmalz 2013) . For instance, in our textbook analysis study , we found that in many textbooks, the classic U-tube experiment was used to demonstrate and explain osmosis as governed by stringent scientific law (e.g., random motion of molecules that takes place without external energy input), which is always carried out in a well-defined, lifeless scenario. In our study, we would like to capture whether participants find the DCVs helpful in responding to the osmosis items.
The learning challenge might also be caused by their inability to acknowledge "dynamic equilibrium," (Meir et al. 2005) which is closely related to one of the seven crosscutting concepts summarized in the National Research Council's (NRC) Framework for K-12 Science Education (2012)-stability and change. The dynamic equilibrium depicts the ongoing random movement of molecules when the system stabilizes, which is an essential concept in order to fully acquire understanding of osmotic processes at the microscopic level. Failing to recognize the dynamic process, students might be stuck with the macroscopic, static equilibrium example portrayed in the textbooks. The raised column of solution provides visual reinforcement that osmosis must be sustained by an external input of energy, just like the static equilibrium example where the "stair is leaning against the wall" (National Research Council (NRC) 2012).
Many of these misconceptions students have on osmosis will be carried over through the different stages of education. This does not have to be the case as many of these misconceptions can be addressed by well-designed DCVs (Meir et al. 2005; Rundgren and Tibell 2010) . For example, a previous study did show that students with DCV exposure were less likely to perceive that particles stopped moving at equilibrium (Sanger et al. 2001) . However, assessment items that include concrete, dynamic representation of abstract concepts (Wu et al. 2010 ) and incorporate essential variables that could draw attention to the target mechanism (Smetana and Bell 2012) are relatively scarce.
In order to address the aforementioned challenges, we developed four short DCVs in an online assessment instrument to assess the effect of dynamic visualizations on college students' interdisciplinary understanding of osmosis (Shen et al. 2014) . The study evaluated the effect of the integration of DCVs demonstrating molecular movement on the student's understanding of osmosis. Specifically, three research questions (RQs) directed the examination of whether these DCVs imposed any impact on students' performance:
1. What are the psychometric properties of the instrument with DCVs in assessing students' understanding of osmosis? 2. How does the integration of DCVs impact students' performance on the osmosis assessment? Specifically, the following two sub-questions were investigated: (a) What is the difference between treatment group, which interacted with four DCV clips prior to answering the osmosis survey, as compared to the control group? (b)What variable(s) (e.g., gender, language, major, time spent on animation or survey) best predict(s) student understanding of osmosis?
3. How do students use and perceive the DCVs when responding to and reviewing the assessment?
Due to the highly dynamic interactions among water and solute molecules during osmosis, we believe that the DCVs could visually simulate the interactive nature among water, solute molecules, and the selectivity of the permeable membrane at the microscopic level.
Background
DCV has significantly enriched the ways in which science instruction is delivered (National Research Council 2014; Scalise et al. 2011; Yarden and Yarden 2010) . One of the many benefits of DCVs in science instruction is that they are better than static visualizations in serving as conceptual references for complex, dynamic molecular representations and processes (Marbach-Ad et al. 2008; Smetana and Bell 2012; Savec et al. 2005) . Furthermore, recent NRC reports have called for creative ways of incorporating computer technology including DCV in assessing students' science understanding and practices (National Research Council 2014) . McElhaney et al. (2015) conducted a metaanalyses study documenting how dynamic visualization contributes to conceptual learning and deeper understanding of complicated science topics. They found dynamic visualization to be most effective in showcasing dynamic processes, e.g., "continuity of motion" (p. 62), and enhancing learners' comprehension of target phenomenon (McElhaney et al. 2015) . They also assessed the use of static and dynamic visualizations in their analysis and found the latter to be more favorable for inquiry-based and collaborative learning. The merit of dynamic visualization, as summarized in McElhaney et al.'s article, is most frequently found in effective prompts that tasked learners to contrast among several components of a phenomenon. Their meta-analysis on the dynamic and static comparison studies revealed that among the 26 identified articles, only 11 focused their assessment at the small/particulate level. Our work on the effectiveness of DCVs at the microscopic level is needed to fill the limited work being conducted.
Ever since the call made by the National Research Council (2014), advancement in incorporating DCVs in assessment has been gradually achieved at the classroom level for formative assessment purposes. For instance, researchers have embedded DCV and associated assessment items within technology-enhanced curriculum (e.g., Ryoo and Linn 2015; Shen and Linn 2011) . Recently, attempts have been made to incorporate DCV in evidence-centered assessment design, model-based learning, and large-scale state science assessment (Quellmalz et al. 2012) .
There are at least two major advantages of incorporating DCV in science assessment: (1) DCVs can provide more concrete contexts to assess the complex/abstract science phenomena (Quellmalz et al. 2012) and (2) the rich information exhibited in DCVs can facilitate the assessment of complex learning processes (Quellmalz and Pellegrino 2009) .
The effect of incorporating DCV on learners' conceptual understanding, however, is contested. That is, the finding in the science-simulation literature review of Scalise et al. (2011) suggested that 96% of the relevant studies synthesized for secondary school students' learning outcomes indicated at least partial learning gains. With the mixedresult studies considered (i.e., partial no gains and gains reported in the same study in 25.3% articles), there was still 29% reports that indicated partially no learning gains. Tversky et al.'s (2002) review study also suggested that most of the studies suggested no Sung et al. Research and Practice in Technology Enhanced Learning (2017) 12:26 apparent advantage of animations. Also, it is difficult to elicit learners' understanding of the dynamic nature of scientific phenomenon by means of administering conventional, text-based, or static visualization assessment. Some studies revealed that proper integration of DCV during science learning enhanced the student's conceptual understanding (Ryoo and Linn 2012; Savec et al. 2005) ; some found either small or no effect with the inclusion of DCV on performance (Byrne et al. 1999; Höffler and Leutner 2007; Kim et al. 2007; Tversky et al. 2002) , while others only found that the effect was more obvious under certain conditions (e.g., differential spatial ability (Merchant et al. 2013) , learners with disabilities (Quellmalz et al. 2012) ) or enhanced affective attributes that are not directly related to subject matter performance, such as perceived comprehensibility, interestingness, or motivation (Hwang et al. 2012; Kim et al. 2007 ). Furthermore, dynamic visualization and static materials may bring about different learning outcomes, and some researchers argued that DCVs had no advantages in increasing performance with recall assessments; however, students' performance on inference assessment was typically significantly positive for DCV conditions (e.g., McElhaney et al. 2015) .
In light of the mixed and disagreeing findings reporting the effect (or no effect) of embedded DCVs on students' conceptual understanding, many of them approached from the impact of curriculum and instruction perspectives on learning but not the inspection of the validity of the assessment instrument or the behavior of the participants engaged with DCV activities (e.g., Kehoe et al. 2001; McElhaney et al. 2015) , we aimed to develop and validate the assessment instrument that could be used to determine the effectiveness of DCVs. We adopted a randomized posttest-only control group experiment designed to investigate the effect of incorporating DCVs in an assessment instrument on which students' performance was examined. We expect students who received DCVs before they take the osmosis assessment will perform better than those without.
Methods

Context of the study
The research was conducted in a large university in the southeast USA.
The study used a randomized posttest-only control group experiment with a convenience sample from three classes: biology, physics, and physiology. The students in these three classes were randomly assigned to two conditions: animation prior to responding to osmosis survey and animation after responding to osmosis survey.
Participants
Student participants are consisted of 60.8% female and 39.1% male; 30.2% in their freshman and sophomore year, 64% in their junior and senior year, and 5.8% are fifth year and beyond; and 89.7% of the respondents use English as their first language and 10.2% reported otherwise.
Assessment instrument
The osmosis survey was constructed by a research team consisting of science content experts, educational researchers, and psychometricians. The current knowledge assessment was adapted from an earlier one. In the current study, we primarily focused on the items that especially require students' deeper understanding of osmosis that connects the molecular level and the macroscopic level.
The present version included 20 multiple-choice items and 13 constructed-response questions targeting students' interdisciplinary understanding of osmosis. Table 1 enlists the five scenarios in the assessment. More details concerning the instrument and item design can be found in our prior study. (Shen et al. 2014) .
The results of our previous survey suggested that students had difficulty in understanding the molecular mechanism for solvation and water movement in osmosis (Shen et al. 2014) . Therefore, we developed four short DCVs (total time = 108 s) and incorporated them in the current survey.
Dynamic computer visualization design
Designing dynamic computer visualization
The DCVs are operationally defined as the computer-based, visual representations showcasing the dynamic movement and interactions of molecules in the format of animated video clips. The users can adjust the rate (e.g., forward, pause, reverse) of playing the DCVs in accordance to the theoretical perspectives (e.g., cognitive load (Chandler and Sweller 1991) ) and multimedia learning (Mayer 2001) .
There are four DCVs introduced in the study (see Fig. 1 for the images of the three 3-D representations made by our team). The first clip (18 s) exemplifies the process of molecular-level solvation (or dissolution), showcasing the attraction and association of solvent molecules (e.g., water) with molecules or ions of a solute; the second clip (49 s) represents the diffusion of the random movement of individual particles as opposed to the intentional/directional movement of molecules. The visualization shows that when a dye droplet is added in water, its molecules diffuse from the region of high concentration of dye to the region of low concentration and eventually reaches dynamic equilibrium. The third clip (16 s) demonstrates the osmosis as the net diffusion of water across a selectively permeable membrane. This visualization shows how osmosis is caused by a solute concentration gradient and differential solvation capacity to bind water. It creates a concentration gradient of free water across the membrane. The last visualization (25 s) shows the differential waterbinding capacity of two different solutes with the same molar concentration across a membrane that is only permeable to water. The solute molecules on the right are bigger and can each bind more water molecules than the ones on the left. This leaves less free water on the right and creates a concentration gradient of free water molecules across the membrane. Osmosis still occurs as a result. Assessment survey design, implementation, and data collection
The osmosis survey is consisted of knowledge questions, demographic questions surveying students' gender, language use, academic status, etc. At the end of the survey, questions asking students to reflect on their perceived helpfulness of the DCVs were administered. The osmosis assessment was administered in the same semester in three classes (biology, physics, and physiology). It was delivered through the Web-based Inquiry Science Environment (WISE; wise.berkeley.edu), which provides logging capability, allowing researchers to record variables such as time spent on each step, the frequency of steps visited, and the sequence of steps visited.
It was administered as a 1-week homework assignment. The students in each class were randomly assigned to two conditions: Visualization Before (VB)-students view the DCVs prior to responding to the osmosis knowledge assessment, and Visualization After (VA)-students respond to the assessment and then view the DCVs. A total of 667 students took the survey, but 640 were considered as valid ones (e.g., agreed to sign off the consent form or completed at least 50% of the knowledge items).
Data analysis
The multiple-choice items were graded dichotomously (1-correct/0-incorrect). There are up to five levels in the coding rubric for the constructed-response items (see Fig. 1 The static visualizations of the three 3-D DCV clips integrated in the osmosis assessment. a-c exemplifies the process of molecular-level solvation (or dissolution), showcasing the attraction and association of solvent and solvate molecules; d-f demonstrates the osmosis as the net diffusion of water across a selectively permeable membrane; g-i shows the differential water-binding capacity of two different solutes with the same molar concentration across a membrane Table 2 ) (Shen et al. 2014) . The inter-rater reliability reached 0.80 after several iterations. Inconsistent coding was resolved during research team meetings.
Item response theory
We applied the Rasch model to analyze the dichotomous data and the Partial Credit Model (PCM) to analyze polytomous data (i.e., the constructed-response scores) using the Winsteps 3.0 software (Linacre 2012) . In the Rasch model, only item difficulty (b) and student ability (θ) are considered. In the Rasch model, the probability of the respondent n getting a dichotomous question i right is denoted by the expression:
The term (θ n − b i ) is the log odds or simply called logit. Persons at the same logit scale have approximately 50% chance of getting the corresponding item(s) correct. Persons positioned at a higher logit scale have greater than 50% chance of responding to the item right, and vice versa (Glynn 2012) . A plot (i.e., Wright map), which provides information about students' osmosis understanding (θ n ) and item difficulty (b) simultaneously was constructed. This map is often used to identify the gaps between items with different difficulty levels. Infit and outfit were inspected in this study. Item infit/ outfit indicates whether students from a high ability group and a low ability group perform "normally" as predicted. A large infit value for one item implies that a person's ability close to a particular item difficulty level is not consistent with the model's prediction. A large outfit value for an easy item indicates that a high ability level student fails to respond to the question correctly, and vice versa. The item parameters, infit/ outfit parameters, and the Wright map were reported.
Welch two-sample t test
A Welch two-sample t test was conducted to evaluate whether students' performance on the assessment is different in the two conditions.
Multiple regression
Multiple regression examining what factors contributed to students' success in solving the osmosis problems was conducted (see Table 3 for the list of variables). Outliers (spent over 6000 s on the assessment) were deleted from the multiple regression analyses. Akaike information criterion (AIC) was used as the criterion to compare modelfitting results in the model selection algorithm.
Visualize log data
To explore how students in each condition interacted with the assessment, the study examined log files generated by WISE, which provides a more in-depth analysis on how students in the two conditions (VA and VB groups) may have navigated through the activity sequence differently. We selected one representative student from each condition and analyzed their log data. The first criterion we administered was to select students who visited the visualization step more than once and also stated that the visualization was helpful (VB) or could be helpful (VA). We then pulled the individual logging data along with the scores each one received on the assessment portion and identified two respondents with comparable scores, one from VA and one from VB. When respondents interact with the osmosis assessment items, they need to submit their answers every step and they were not allowed to change their answers after submission. Key ideas: 1. The movement of free water is determined by two factors here, the concentration difference and the hydrostatic pressure difference 2. Some water diffuses from the right side to the left side because the left side has higher solute concentration than the right side 3. Some (free) water diffuses from the left side to the right side because the left side has a higher hydrostatic pressure than the right side initially 4. We cannot predict what happens to the height of each column because we do not know the initial relation between the hydrostatic pressure difference and the solute concentration difference (or because we do not know the exact height difference and the solute concentration initially)
The log files show how long students interact with each step, the sequence students follow to visit steps, and the frequency of steps visited. Using the sequence and frequency data from the log files, the study visualized students' navigation behavior in both conditions via free library D3.js. The first visualization will depict the overall, cumulative navigation behavior of the respondent from the VA and VB groups, while the second visualization will illustrate a linear navigation pattern of participants.
Perceived helpfulness
One of the exit questions is a two-tier question that is consisted of an ordinal-format item eliciting the student's perceived helpfulness of the animation on their response to the survey followed by the explanations they provided for the previous Likert question. For the animation-after-survey group, the question to elicit their perception toward the helpfulness of the animation was worded slightly different with a multiple-choice prompt: "How much do you think the visualizations in the previous activity would have helped you answer some of the survey questions?" also followed by their explanations. The self-reported Likert-scale item has three levels: not helpful at all, somewhat, and very much. The variables are listed in Table 4 .
Mann-Whitney U test
We analyzed the exit two-tier question inquiring students' perceptions of the DCVs. The first part was a Likert-scale item that has three levels: not helpful at all, somewhat, and very much; the second part was their explanation of why the DCVs (could have) helped or not. The parenthesis in the prompt was phrased slightly different for the two groups. A Mann-Whiney U test was conducted to evaluate the difference of the Likert-scale responses between the two conditions. The open-ended responses to the aforementioned question were reviewed to triangulate with the student's Likert-scale response from the VA and VB groups.
Results and Discussion
Psychometrics properties
In response to RQ1, the psychometrics properties are reported in the following. The Wright map (Fig. 2) shows that student ability in solving osmosis problems and item difficulty matched fairly well with two outlying items, one on each end of the scale (i.e., items 4.4 and 2.8). The students' abilities ranges from − 3.34 to 2.57 logits. Figure 3 shows a summary of Rasch modeling for the osmosis survey based on a sample of 640 subjects. Overall person separation and reliability was helpful in determining modeldata-fit. The test differentiated subjects with a person separation index of 2.08 based on the empirical data or 2.28 based on the model expectations. A separation index above 2.0 is indicative of acceptable sensitivity of the instrument to differentiate high Fig. 2 The Wright map of person-item measure of osmosis assessment. Each "#" symbol means a subgroup of five people and a "." represents less than 5. "M" is the mean, "S" is one standard deviation from the mean, and "T" is two standard deviations from the mean and low performers. The Cronbach alpha for those separations were .81 and .84, which also represented acceptable test reliability. The item separation index is 13.17 based on the empirical data or 13.37 based on the model expectations. Cronbach's alpha for those separation indices were both .99, indicating satisfactory item reliability. High item separation verifies the item hierarchy, implying that the number of person sample is large enough to confirm the item difficulty hierarchy or construct validity of the osmosis assessment instrument.
The Wright map shows that student osmosis understanding and item difficulty matched fairly well with two outlying questions, one on each end of the item difficulty scale (i.e., questions 4.4 and 2.8). The Wright map shows that although overall students' abilities spread over a range from − 3.34 to 2.57 logits, there were two gaps in items. For instance, question 2.8 (b = 2.92) was more difficult than the student ability because there was no corresponding participant at that logit level. Also, there was a large item gap between logit − 2 to − 4, meaning that subjects whose abilities fall within this gap were not clearly differentiated by the osmosis understanding instrument. There were several items clustered around logits 0 and 1 that measure similar osmosis understanding levels but from different item sets. All the infit values were within acceptable range [0.7-1.3] (Wright and Linacre 1994) .
The most difficult item (i.e., question 2.8 on the Wright map) was contextualized in an innovative context. The prompt reads "Jessie quickly poured some dilute sugar water on the left side and pure water on the right side of the U-tube so that, initially, the left column was higher than the right one. What will happen to the height of each column?" (see Fig. 4 ) With further t test, VA and VB students did not have significant difference in their mean score on this item (t(638) = 1.143, p = 0.253); only 6.4% of the students correctly responded to this question. Rubrics for students' rationale for their height prediction are given in Table 2 . The formation of rubrics is guided by the idea of knowledge integration (Author 2011), where all possible key ideas to respond to the question was first laid out, and then the levels were assigned based on the linkage of ideas found in the responses. The second most difficult question (i.e., question 1.5 on the Wright map) was one of the innovative assessment context, in which we replace the classical U-tube example with a horizontal tube divided by a selectively permeable membrane that is only permeable to water. On each side of the tube, a freely movable piston is held fixed initially (see Fig. 5 ). The rationale to design such a question was to simplify the gravitational force associated with the U-tube example and direct the respondent's attention solely to the osmosis process between the two compartments divided by the membrane. The question 1.5 prompt is shown in Fig. 5 . With further t test, VA and VB students had significant difference in their mean score on this item (t(596) = 3.75, p = 0.000); only 12.3% of the students correctly respond to this question.
Regarding RQ2-a, confirming our hypothesis, the students in the VB condition demonstrated higher understanding of osmosis than those in the VA condition (M VB = 0.056, SD VB = 0.751 and M VA = − 0.083, SD VA = 0.856, Welch two-sample t(608) = 2.17, p = 0.03, d = 0.17).
Predictors
To answer RQ2-b, a multiple regression analysis was conducted to evaluate how well the student-associated attributes predicted osmosis-understanding level. The final model for the multiple regression included the following predictors (Table 3) : class, DCV condition, gender, English as first language, time spent on knowledge assessment, and time spent on DCVs, while the dependent variable was the estimated student ability in solving osmosis problems. The model was statistically significant (F(7, 562) = 22.99, p < 0.000). The sample multiple correlation coefficient was .472, indicating that approximately 22.3% of the variance of the osmosis understanding in the sample can be accounted for by the linear combination of the predictors. Table 5 shows the coefficients of the predictor variables and their significance level. We found that the scienceclass-enrolled, time spent on assessment, and time spent on DCV were all significant predictors at p < 0.001 level, while English usage at home and gender were significant predictors of student ability at p < 0.05 and 0.01, respectively. The results indicated that there are other variables affecting student ability in addition to the DCV treatment. In particular, in this multiple regression model with seven predictors, the time spent on assessment and DCV had significant positive regression weights. It indicates that students, who invest more time on both the test and watching DCV, after controlling for the other variables in the model, were expected to have a higher ability score. Enrollment in biology and physics classes as well as English used at home as the first language had significantly negative weights. That is, students from families in which English is the first language or those who chose biology or physics were expected to have a lower ability score after controlling for other variables. Gender contributed marginally significantly to students' ability score, with female students expected to have higher score than male students. It is interesting to find that when other predictors are being considered together, visualization condition did not significantly contribute to the multiple regression model. To answer RQ3, first of all, students in the VA group perceived the DCV to be more helpful than those in the VB group (Mann-Whiney U test, z = − 6.055, p < 0.000). The finding resonated with students' reasoning to the open-ended question responses as discussed below.
According to the log data, time spent on the osmosis assessment ranged from 60 to 22,411 s. Figure 6 illustrates the summative navigation behavior of students who major in biology in the VB (Fig. 6-top) and VA (Fig. 6-bottom) groups, respectively. Collectively, the students jumped back (red line) to the animation in both situations, and the density of the red line in the VA group is higher than that in the VB group. It implies that the students who view the DCV after finishing the assessment revisited previous question steps more frequently than those who view the DCV first. Note that students could not change the answers they have submitted and they could not jump back to DCVs if they did not submit their response to each step (i.e., 3.1-3.5).
There were 26 students (6 students are in the VB group, and 20 students are in the VA group) who visited the DCV at least twice and reported the visualizations to be useful (see the supplementary material for the logging behavior of the 26 students). We identified student 44394 from VB and student 44821 from VA who received similar scores and compared their linear navigation behavior during item review (see Fig. 7 and more detailed webpage information from the supplementary material). With the color-coded linear navigation bar, we can tell that even student 44821 has spent a longer time reviewing the items; when s/he jumped back to the DCV, this student spent less than 10 s on reviewing the DCV, just like student 44394. These two visualizations of the log data explored the potential of communicating navigation behavior with advanced data analytics.
Student feedback
Many students in the VA group perceived DCVs could have been helpful for them, for instance: Note: An "*" indicates the variable coefficient is significant at the p < 0.05 level. An "**" indicates the variable coefficient is significant at the p < 0.01 level. An "***" indicates the variable coefficient is significant at the p < 0.001 level I would have been able to answer …correctly after seeing a 3D representation of 'free' water molecules in solutions containing larger solute particles versus those containing smaller solute molecules.
Some students from the VB group found certain DCVs to be particularly helpful in conceptual understanding but did not necessarily help them answer the questions: I already knew 3 of them (DCVs)…water molecules tend to conglomerate around larger organic molecules was a good reminder.
… it didn't help as much visualizing the water movement in the stomach questions.
Many students in VB are either neutral or negative about the helpfulness of DCVs because they reflected that they relied more on their prior knowledge rather than these short, basic DCVs. We speculate that the "helpfulness" will be enhanced if we allow students to freely retrieve the DCVs while they were responding to the osmosis assessment. The reason for lower perceived helpfulness could be due to the fact that they were not allowed to revisit the DCVs and change their answer. Some preferred narration or audio accompanying the DCVs. For example:
I already knew about osmosis…I didn't need them (DCVs) to answer questions.
I wish someone would explain what is happening while the video is playing.
Their feedback speaks to the diverse learning styles of students that reflect on their perceived helpfulness of adopting DCVs in the assessment.
Our analysis showed that the psychometric properties of the assessment instrument with the inclusion of DCVs in the assessment items demonstrated acceptable reliability and high construct validity. The most difficult item required students' reverse thought processes in order to predict the movement of the solution. In order to answer this Fig. 6 The summative navigation behavior of the VB group (top) and the VA group (bottom). Numbers represent the steps on the survey. Steps 1 and 2 are background information items; DCV is the step where students view the visualization. The five osmosis assessment scenarios correspond to steps 3.1-3.5. The white line represents the normal-order sequence. The red line represents the jump-back sequence. The yellow line represents the normal-jump sequence. The size of the node is proportional to the frequencies for the particular step that is visited by respondents question correctly, students would need to critically consider the variables given in the target system, analyze the dynamic nature of molecule movement, and then apply their understanding from the macroscopic level to associate with potential impact on the microscopic mechanisms (for more details about student reasoning, see Zhang et al. 2015) . Therefore, the integration of DCVs in the osmosis assessment in VB did not provide them with a better chance to answer this innovative assessment item. This is probably due to the DCVs' stress on the microscopic interactions rather than the introduction of explicit connections between macroscopic and microscopic relationship.
We also found that the VB group performed significantly better in the second most difficult question, which was directly related to our DCVs. The idea of designing question 1.5 originated from our faculty research meeting, where the conventional assessment of osmosis does not consider the differential solvation effect of the solute. The DCVs portrayed the differential ability of sugar-water bonding during solvation, and the significantly better performance on this item is indicative of the significant effect of DCV treatment before students answer their osmosis questions.
The results from the Welch two-sample t test showed that the DCVs played a significant role when students were completing the assessment. First, the students who viewed the DCVs first (i.e., the VB group) outperformed those who viewed them later (i.e., the VA group). This result is remarkable, considering that the DCVs only took them about 3 min to complete and the average amount of time a student needs to finish the osmosis assessment portion of the entire survey was 47 min. The finding resonates with Kühl et al.'s (2011) study that dynamic visualization condition outperformed those with text-only condition. In addition, the time spent on watching DCV (T DCV ) contributes significantly to the student's osmosis understanding. This result resonates with O'Day's study, in which learners who were exposed to the dynamic visualization with more time outperformed those with less exposure (O'Day 2006) . Anyhow, even though the t test result suggests that the VB group performed significantly better than its counterpart, the mean ability scores of each group showed that the winning group has only a slight edge. That is, the ability score average is 0.056 logit for the VB group as opposed to − 0.083 logit for the VA group within a wide range from − 3.34 to 2.57. Fig. 7 The linear navigation behavior of students. A more interactive version of this summary of data analytics can be retrieved from the link: http://shiyanjiang.com/shan/ That is why when multiple predictors were considered, the different DCV treatment became a non-significant predictor in the model. We do not expect a wide score gap between both groups, given that students from the VB group spent only 180.6 s, on average, watching the animation. However, the results do show the potential of integrating DCVs in science education to enhance learning. And our future work should be focused on the nature of the impact of DCVs on student performance and how they could be integrated in an efficient manner. In the conclusion section, how students from the VB group interact with DCVs will be described.
Conclusion
Students did come back to the DCVs during the assessment for the VB group; however, counterintuitively, we found the reviewing pattern for the VA group more intriguing than the usage pattern of DCV for the VB group. Notice that while the VB group reviewed their response to the assessment, they revisited the visualization section and then resumed reviewing items. This observation might have explained why the students in the VA group perceived that DCVs could have been more helpful than those in the VB group. The result echoed with that from students' feedback to the open-ended response for the VA and VB groups. Many students in the VB group viewed the DCVs more critically (e.g., design feature) than those in the VA group, which might contribute to their lower perceived helpfulness score on the Likert-scale item. Sometimes students came back to DCVs directly from certain assessment items during their review. It suggested that students might be confused about the knowledge component in the item and realized that the video could provide information related to the item. In addition, we found that most students who came back to the DCVs did not perform well in the assessment. It provides further evidence that the DCVs might offer additional self-paced learning opportunities for those who were academically underrepresented in science learning. The low perceived helpfulness from students' feedback also resonates with that from Tversky and her colleagues' review study, in which animated graphics are only beneficial for participants with lower spatial ability (Tversky et al. 2002) .
Limitations
There are several limitations in this study: (1) The survey was only administered once to capture the direct impact of DCVs on the performance of osmosis across two sections; students did not take pre-and posttests to conduct within-group comparison statistically. (2) There were some constructive feedback on the features of DCVs, such as the inclusion of audio component, narration over the interaction, and also the addition of marking the particles on the visualization. (3) The four DCV clips created by our research team were all embedded in one step on WISE, so we were not able to determine the correlation of particular navigation behavior against different features and design purposes of each DCV. (4) Similar to the previous limitation, the respondents were not able to revisit the DCVs in the midst of answering the assessment items. It limits the ability for us to capture participants' intentional navigation behavior in revisiting DCVs in search for useful clues before moving on to the next question.
Significance of the study and future work
After iterative validation processes of the assessment instrument on osmosis, the psychometric properties approved the innovative osmosis survey to be valid and reliable. Educators and other researchers interested in eliciting students' deeper understanding of osmosis could administer the osmosis survey to acquire some understanding of where students stand before teaching the subject matter. They can then engage in curricular design to specifically address the gaps found in their understanding. Furthermore, we were able to study students' navigation behavior using current data analytics tool to decipher the underlying message conveyed from the logging data. The application is critical to visualize and communicate with interested audience concerning the dynamics of participant-DCV interactions.
The findings suggest that the integration of short DCVs has a positive impact on students' performance on the osmosis assessment. The instructors in higher education are recommended to incorporate DCVs in their (formative) assessments to elicit students' deeper understanding of microscopic, molecular-level reactions.
Some modification of the features and operational design of embedding DCVs in the assessment is expected to improve participants' perceptions toward the helpfulness of adopting dynamic visualizations in their assessment instrument. Future research on more in-depth navigation behavior of DCVs could focus on enhancing the planning of data analytics to grasp more subtle DCV-usage behavior of respondents, especially when the osmosis assessment is administered via a technology-enhanced environment.
